The mammalian CNS contains an abundant, widely distributed population of glial cells that serve as oligodendrocyte progenitors. It has been reported that these NG2-immunoreactive cells (NG2 ϩ cells) form synapses and generate action potentials, suggesting that neuralevoked excitation of these progenitors may regulate oligodendrogenesis. However, recent studies also suggest that NG2 ϩ cells are comprised of functionally distinct groups that differ in their ability to respond to neuronal activity, undergo differentiation, and experience injury following ischemia. To better define the physiological properties of NG2 ϩ cells, we used transgenic mice that allowed an unbiased sampling of this population and unambiguous identification of cells in discrete states of differentiation. Using acute brain slices prepared from developing and mature mice, we found that NG2 ϩ cells in diverse brain regions share a core set of physiological properties, including expression of voltage-gated Na ϩ (NaV) channels and ionotropic glutamate receptors, and formation of synapses with glutamatergic neurons. Although small amplitude Na ϩ spikes could be elicited in some NG2 ϩ cells during the first postnatal week, they were not capable of generating action potentials. Transition of these progenitors to the premyelinating stage was accompanied by the rapid removal of synaptic input, as well as downregulation of AMPA and NMDA receptors and NaV channels. Thus, prior reports of physiological heterogeneity among NG2 ϩ cells may reflect analysis of cells in later stages of maturation. These results suggest that NG2 ϩ cells are uniquely positioned within the oligodendrocyte lineage to monitor the firing patterns of surrounding neurons.
Introduction
Action potentials allow neurons to integrate, amplify, and ultimately distill subthreshold responses into an all-or-nothing impulse to other, often distant members within a circuit and can influence gene expression and synaptic strength by triggering the activation of voltage-gated Ca 2ϩ channels. Indeed, the ability to generate action potentials is considered a defining characteristic of neuronal identity. However, recent studies have suggested that a distinct class of glial cells, termed NG2 ϩ cells (polydendrocytes), that are abundant in both gray and white matter of the CNS also have the ability to generate action potentials (Chittajallu et al., 2004; Káradó ttir et al., 2008; Ge et al., 2009 ). Genetic fate mapping studies indicate that many NG2 ϩ cells serve as progenitors for oligodendrocytes (OLs) (Rivers et al., 2008; Zhu et al., 2008b; Zhu et al., 2008a) , suggesting that the excitability of these cells may be important for oligodendrogenesis. Nevertheless, not all NG2 ϩ cells are excitable (Chittajallu et al., 2004; Káradó ttir et al., 2008; Ge et al., 2009) , raising questions about whether this behavior is restricted to a particular stage of CNS development or maturation state of these progenitors. Although NG2 ϩ cells lack an axon, they share other characteristics with neurons. In particular, they express ionotropic neurotransmitter receptors (Barres et al., 1990; Berger et al., 1992) and form direct synapses with glutamatergic neurons in both gray and white matter (Bergles et al., 2000; Jabs et al., 2005; Lin et al., 2005; Ge et al., 2006; Kukley et al., 2007; Ziskin et al., 2007; Mangin et al., 2008) . Glutamate receptor activation has been shown to alter the proliferation, migration, and differentiation of NG2 ϩ cells in vitro (Gallo et al., 1996; Yuan et al., 1998; Gudz et al., 2006) , suggesting that this rapid form of communication may also regulate oligodendrocyte formation. Moreover, the expression of glutamate receptors with significant Ca 2ϩ permeability is thought to render oligodendrocyte lineage cells susceptible to excitotoxic damage during ischemia (Back, 2006) . However, it is not yet known when during development neuron-NG2 ϩ cell synapses are formed or what stages within the oligodendrocyte lineage engage in synaptic signaling with neurons.
Recent studies have reported that some NG2 ϩ cells lack both glutamatergic synapses and voltage-gated Na ϩ (NaV) channels (Káradó ttir et al., 2008) , suggesting that there may be separate groups of NG2 ϩ cells with distinct physiological functions. Indeed, lineage tracing studies indicate that some NG2 ϩ cells in the mature brain cease proliferating and rarely, if ever, undergo differentiation (Rivers et al., 2008) . It is possible that NG2 ϩ cells that exhibit excitability and form synapses participate in other aspects of brain function, such as serving as neuronal progenitors (Belachew et al., 2003; Rivers et al., 2008) . However, the relationship between the fate of NG2 ϩ cells and their physiological properties has not been determined.
Here, we defined the prevalence of excitability and synaptic connectivity within the NG2 ϩ cell population in gray and white matter throughout development, using transgenic mice to obtain both an unbiased sample of the NG2 ϩ cell population and to identify cells in distinct stages of oligodendrocyte maturation. In contrast to previous reports, we found that few NG2 ϩ cells were excitable, and that this behavior was restricted to early postnatal development. In addition, after the first postnatal week, all NG2 ϩ cells received synaptic input from neurons. Synaptic signaling was rapidly lost, and both glutamate receptors and NaV channels were downregulated as NG2 ϩ cells differentiated into oligodendrocytes. These studies indicate that NG2 ϩ cells are uniquely positioned within the oligodendrocyte lineage to respond to rapid changes in neuronal activity, and that prior reports of physiological heterogeneity among NG2 ϩ cells are likely to have resulted from analysis of differentiating cells.
Materials and Methods
Transgenic mice. NG2-DsRed bacterial artificial chromosome (BAC) transgenic mice expressing DsRed-T1 under the control of the NG2 promoter were described previously (Ziskin et al., 2007; Zhu et al., 2008b) . NG2-CreER BAC transgenic mice were generated by replacing the DsRed cDNA sequence in the previously described NG2-DsRed BAC transgene with creERTM cDNA sequence (Hayashi et al., 2002 ) using a cDNA clone provided by Dr. Hirohide Takebayashi (Kumamoto University, Kumamoto City, Japan). BAC recombination was achieved as previously described (Zhu et al., 2008b) , and purified recombinant BAC DNA was microinjected into fertilized oocytes. Founders were obtained and crossed to the Z/EG (lacZ/EGFP) line of reporter mice (Novak et al., 2000) . All experiments were performed in strict accordance with protocols approved by the Animal Care and Use Committee at Johns Hopkins University.
Slice preparation. Mice were given a single 1 mg intraperitoneal injection of 4-hydroxy-tamoxifen (4HT) between postnatal day (P)14 -21. At 2-25 d postinjection (PI), mice were anesthetized with isofluorane and decapitated; their brains were dissected into an ice-cold N-methyl-Dglucamine (NMDG)-based solution containing the following (in mM): 135 NMDG, 1 KCl, 1.2 KH 2 PO 4 , 20 choline bicarbonate, 10 glucose, 1.5 MgCl 2 , and 0.5 CaCl 2 (pH 7.4, 310 mOsm). Forebrain slices (250 m thick) were prepared using a vibratome equipped with sapphire blade in ice-cold NMDG-based cutting solution. Following sectioning, slices were transferred to artificial CSF (ACSF) containing the following (in mM): 119 NaCl, 2.5 KCl, 2.5 CaCl 2 , 1.3 MgCl 2 , 1 NaH 2 PO 4 , 26.2 NaHCO 3 , and 11 glucose (290 mOsm) and were maintained at 37°C for 30 min, and at room temperature thereafter. Both NMDG solution and ACSF were bubbled continuously with 95% O 2 /5% CO 2 . All experiments were performed at room temperature.
Electrophysiology. NG2 ϩ cells were visualized with an upright microscope (Zeiss Axioskop FS2) equipped with both DIC optics and filter sets for DsRed (HQ:TRITC 41002c, Chroma) and GFP (Brightline, GFP-ABasic-ZHE, Semrock), and two charge-coupled device (CCD) cameras (Sony XC-73 and XC-EI30). A 40ϫ water-immersion objective (Zeiss Acroplan 40ϫ IR) was used for most experiments and a 20ϫ waterimmersion objective (Olympus UMPlanFl 20ϫ/0.50 W) was used for UV-uncaging experiments. Whole-cell recordings were made under visual control using both fluorescence and IR-DIC as a guide. NG2 ϩ cells [oligodendrocyte progenitor cells (OPCs)] could be clearly distinguished from pericytes, which also express DsRed in NG2-DsRed mice (Ziskin et al., 2007) , on the basis of their distinct morphologies (Krueger and Bechmann, 2009 (KMeS) ] in the electrode solution and TEA was omitted. Pipette resistance was 3.2-4.2 M⍀ and recordings were made without series resistance compensation. HS (normal ACSF containing 500 mM sucrose; 850 -900 mOsm) was focally delivered through a glass pipette (resistance 1-1.5 M⍀) using a pressure application system (Toohey, Pressure System IIc) using 4 -5 psi. The HS-containing pipette was positioned within the slice ϳ40 -60 m from the soma of the recorded cell. For experiments with bafilomycin A1 (Baf), brain sections were prepared as described above, but following recovery in ACSF at 37°C, were transferred to ACSF containing either 2 m Baf (vesicular ATPase inhibitor; Biomol) or vehicle (DMSO) for at least 2 h before recording. For examination of recorded cell morphology, neurobiotin (0.2%, Vector Laboratories) was included in the recording pipette. For glutamate uncaging experiments, MNI-L-glutamate (500 M, Tocris Bioscience) was locally perfused over the slice with a wide-bore glass pipette. Photolysis was accomplished with a 1 ms flash of UV light from a Stabilite 2017 argon laser (Spectra Physics) in a 100 m circle centered on the cell body, as described previously (Huang et al., 2004) . All uncaging experiments were performed in normal ACSF, except for a subset of recordings in mature oligodendrocytes testing for sensitivity of the uncaging response to CPP, which were performed in ACSF containing 0 Mg 2ϩ and 30 M D-serine (a coagonist at the NMDA receptor glycine binding site; Aldrich). The following agents were applied by addition to the superfusing ACSF: TTX (NaV antagonist; Ascent Scientific, 1 ⌴), gabazine (SR-95531; GABA receptor antagonist; Tocris Bioscience, 5 ⌴), RS-CPP (NMDA receptor antagonist; Tocris Bioscience, 5 or 20 M for uncaging), 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo( f )quinoxaline (NBQX; competitive AMPA/kainate receptor antagonist; Tocris Bioscience, 5 or 50 M for uncaging), GYKI 53655 (AMPA selective, noncompetitive antagonist; IVAX 100 ⌴), and TBOA (competitive glutamate transporter blocker; Tocris Bioscience, 300 ⌴).
Analysis. Responses were recorded using a MultiClamp 700A amplifier (Molecular Devices), filtered at 3 kHz, digitized at 50 kHz and recorded to disk using pClamp9.2 software (Molecular Devices). Data were analyzed off-line using Clampfit (Molecular Devices), Origin (OriginLab) and Mini analysis (Synaptosoft) software. Input resistance and membrane capacitance were calculated from a 10 mV depolarizing step from a holding potential of Ϫ80 mV. The amplitude of NaV was calculated from a 70 mV depolarizing step (holding potential Ϫ80 mV) performed before and after addition of TTX to the bath and within 2 min of initiating whole-cell recording. Resting membrane potential was measured within 30 s of establishing whole-cell recording (KMeS-based internal solution). The response to HS was quantified by counting the number of mEPSCs (Ͼ5 pA amplitude, Ͻ1 ms rise time as measured in MiniAnalysis software) for 15 s after the initiation of a 10 s HS application. For each cell, the total number of mEPSCs from two successive puffs (separated by at least 1.5 min) was taken to be the magnitude of the response to hypertonic challenge. For clarity, slow alterations in holding current observed during application of hypertonic solution were subtracted from baseline using pCLAMP software. For hypertonic solution and uncaging experiments in differentiating cells, DsRed intensity was used to guide selection of cells for recording and basic membrane properties were used to categorize the stage of differentiation as follows: cells with NaV current and Ͻ35 pF capacitance were considered NG2 ϩ cells, cells with or without NaV with Ͼ35 pF capacitance and Ͼ500 M⍀ membrane resistance were considered premyelinating oligodendrocytes (pre-OLs), and cells that lacked NaV currents with Ͻ500 M⍀ membrane resistance were considered oligodendrocytes. The amplitudes of uncaging responses were calculated by subtracting current responses before and after addition of NBQX/GYKI53655 (for AMPAR-mediated responses) and RS-CPP (for NMDAR-mediated responses) to the bath. Data are expressed as mean Ϯ SEM throughout, and statistical significance was determined using the Mann-Whitney test with a cutoff value of 0.05 and Kruskal-Wallis ANOVA with sequential Bonferroni correction for multiple comparisons.
Histology. Mice were anesthetized with pentobarbital and subjected to cardiac perfusion with 4% paraformaldehyde in 0.1 M sodium phosphate buffer in accordance with a protocol approved by the Animal Care and Use Committee at Johns Hopkins University. Brain tissue was isolated and postfixed in this solution for 6 -18 h at 4°C, then washed in phos-phate buffer, cryoprotected in 30% sucrose, and sectioned at 30 -60 m on a sliding microtome (Leica). Free-floating sections were then permeabilized/blocked with 0.3% Triton X-100 and 5% normal donkey serum in 0.1 M sodium phosphate buffer for 2 h at room temperature or 4°C overnight. Sections were incubated with primary antibodies prepared in permeabilizing/blocking solution for 4 h at room temperature or 4°C overnight. Sections were incubated with secondary antibodies in 5% normal donkey serum in 0.1 M sodium phosphate buffer for 2 h at room temperature. For immunolabeling with CC1 antibody, which marks mature oligodendrocytes (Bhat et al., 1996) , sections were treated with LAB solution (Polysciences) for 10 -15 min before blocking. For recovery of neurobiotin-filled cells, brain sections were transferred directly from the recording setup into 4% paraformaldehyde in 0.1 M sodium phosphate buffer and were incubated for 2-6 h at 4°C and then transferred to 0.1 M sodium phosphate buffer. Following permeabilization/blocking as described above, sections were incubated with Alexa488-(1:500, Invitrogen) or Cy5-(1:500, Jackson ImmunoResearch)-conjugated streptavidin for detection of neurobiotin. Control sections incubated with secondary antibody alone did not result in labeling of cells. Primary antibodies used were as follows: rabbit and guinea pig anti-NG2 (1: 500; gift from Dr. Stallcup, Burnham Institute, La Jolla, CA), rabbit anti-GFP (1:500, gift from Dr. Huganir, Johns Hopkins University, Baltimore, MD), chicken anti-GFP (1:500, Millipore Bioscience Research Reagents), guinea pig anti-GFAP (1:500, Advanced ImmunoChemical), rabbit anti-IBA1 (1:500, Wako), CC1 (1:50, Anti-APC/Ab-7, Calbiochem), guinea pig antiOlig2 (1:10,000, gift from Dr. Ben Novitch, UCLA, Los Angeles, CA), and rabbit antiOlig2 (1:500, Millipore). Secondary antibodies (raised in donkey) were as follows: Alexa 488-(Invitrogen) and Cy2-, Cy3-, or Cy5-conjugated secondary antibodies to rabbit, mouse, goat or guinea pig (1:500; Jackson ImmunoResearch).
Image acquisition and analysis. Fluorescence images were collected with a LSM 510 Meta confocal microscope (Zeiss) using 40ϫ (EC Plan-Neofluar, Zeiss), 25ϫ (LD LCI PlanApochromat, Zeiss), or 63ϫ (Plan-Apochromat, Zeiss) oil-immersion objectives and 488 nm, 561 nm and 633 nm laser lines filtered using 500 -550 nm bandpass, 575-615 nm bandpass, and 635 nm long pass for meta detector. Z-stack images were taken at 0.3 m intervals. To evaluate colocalization between GFP ϩ cells and NG2, PDGF␣R, CC1, GFAP, and IBA1 immunostaining in NG2-CreER;Z/EG transgenic mice, images were acquired with the LSM 510 Meta confocal and imported into Imaris image analysis software for examination of fluorescence overlap in 3 dimensions. Microarray analysis. Cahoy et al. (2008) acutely purified neurons and glial cells from mouse brain and created a transcription database for each specific cell type using Affymetrix GeneChip Mouse Genome 430 2.0 and Exon 1.0 ST arrays. To examine changes in gene expression that accompany oligodendrocyte differentiation, we downloaded their raw data on OPCs, pre-OLs, and myelinating OLs from the NCBI Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) submission GSE9566. ϩ cells express voltage-gated Na ϩ channels but are inexcitable. a, TTX-sensitive inward currents induced by 70 mV depolarization from a holding potential of Ϫ80 mV in a P12 CA1 pyramidal neuron (left) and a P13 callosal NG2 ϩ cell (right); illustration of how amplitude of peak NaV current was determined (far right). b, Comparison of NaV current density in NG2 ϩ cells in CC, CA1 HC, CB ml, and CB wm at multiple developmental time points; n for each group indicated at the base of the column. NaV channel expression was not significantly altered across development in each brain region (for P5-P8 vs P40 -P45, p ϭ 0.60 CC, p ϭ 0.78 HC, p ϭ 0.36 CB wm; for P12-P15 vs P40 -P45, p ϭ 0.71 CB ml). c, Response of NG2 ϩ cells in mature mice (P40 -P45) to depolarizing current injection; for each brain region, two examples are shown; red trace, injection of 160 pA current. Black asterisk highlights responses where the first positive current injection was 500 pA. d, Response of NG2 ϩ cells to depolarizing current injection at early developmental time points (P5-P8 CC, HC, CB wm and P12-P15 CB ml); for each brain region two examples are shown; red trace, injection of 160 pA current. Red asterisk highlights response where depolarization triggered a small Na ϩ spike. Black asterisk highlights responses where the largest current injection was 70 pA.
Affymetrix Mouse 430 CEL files were downloaded into the Partek Gene Suite and the data were adjusted for GC content, RMA (Irizarry et al., 2003) normalized with quantile normalization and mean probe summarization, and converted into Log2 notation. Gene expression was compared pair wise among the three cell classes in terms of the Log2 fold change of mean signal values, and two-sample t tests were run to determine statistical significance.
Results

NG2
؉ cells express voltage-gated sodium channels but do not fire action potentials To determine the prevalence of NaV channels and the extent of excitability within the widely distributed population of NG2 ϩ cells in mammalian brain, we used NG2-DsRed BAC transgenic mice (Ziskin et al., 2007; Zhu et al., 2008b) to identify NG2 ϩ cells in two gray matter regions [hippocampus (HC) and cerebellar molecular layer (CB ml)] and two white matter regions [corpus callosum (CC) and cerebellar white matter (CB wm)] at different stages of development. Whole-cell voltage-clamp recordings in acute brain slices prepared from mature NG2-DsRed mice (P40 -P45) revealed that all NG2 ϩ cells in these brain regions exhibited TTX-sensitive currents (CC 18/18 cells, HC 14/14 cells, CB ml 9/9 cells, CB wm 8/8 cells) (Fig. 1a,b) . NaV channel-mediated currents were also observed in all NG2 ϩ cells (134/134 cells) in these brain regions at three earlier developmental periods (P5-P8, P12-P15, P20 -P26), and there was no consistent change in NaV current density with age (Fig. 1b) . These data suggest that NaV channel expression is a universal property of NG2 ϩ cells in both gray and white matter regions of the developing and mature brain.
Although NG2 ϩ cells express NaV channels, generation of an action potential requires a complex interplay of NaV and potassium conductances, and an appropriate membrane resistance. To determine whether NG2 ϩ cells are capable of firing action potentials (APs), we measured the response of NG2 ϩ cells to injection of depolarizing currents. While voltage-activated conductances were evident in these recordings, NG2
ϩ cells in mature mice (P40 -P45) did not fire action potentials (0/8 CC, 0/11 HC, 0/5 CB ml, 0/10 CB wm cells fired APs) (Fig. 1c) . Similar results were observed at intermediate developmental time periods (P12-P15 and P20 -P26) (0/10 CC, 0/6 HC, 0/12 CB ml, 0/14 CB wm cells fired APs). At the earliest developmental periods examined (P5-P8), some cells in the corpus callosum (4/7 cells) generated a single spike upon depolarization ( Fig. 1d; supplemental Fig. 1 , available at www.jneurosci.org as supplemental material), similar to responses observed in NG2 ϩ cells in the developing cortex (Chittajallu et al., 2004; Ge et al., 2009 ); however, these spikes did not meet criteria normally used to define APs, as they exhibited a high threshold for activation (Ϫ22 Ϯ 1 mV), their amplitudes increased with larger current injections, and they did not substantially overshoot 0 mV (peak depolarization: 0.4 Ϯ 1 mV). In addition, cells that exhibited these spikes were unable to sustain repetitive firing with continued depolarization, they did not exhibit spontaneous firing, and NG2 ϩ cells in other brain regions at these ages did not exhibit such spikes (0/6 HC, 0/5 CB wm cells); the molecular layer of the cerebellum was not analyzed, as it is not fully formed at this age. Together, these data indicate that during early postnatal development the membrane properties of some NG2 ϩ cells are permissive for generation of small Na ϩ spikes in response to a depolarizing stimulus, but that this rudimentary form of excitability does not persist into adulthood.
All NG2
؉ cells form synapses with neurons In neurons that are not tonically active, action potentials are normally triggered in response to excitatory synaptic input. NG2 ϩ cells receive depolarizing synaptic input from glutamatergic neurons (Bergles et al., 2000; Lin and Bergles, 2004) ; however, recent studies suggest that these synapses may only exist in a subset of NG2 ϩ cells (Káradó ttir et al., 2008) , and NG2 ϩ cells that received synaptic input exhibited enhanced susceptibility to excitotoxic damage after ischemia. Due to this selective vulnerability, it is important to determine the extent to which this population of progenitors engages in synaptic signaling in different brain regions. Measuring the innervation of NG2 ϩ cells is challenging because these axo-glial synapses exhibit low rates of spon- ϩ cell to hypertonic challenge following addition of NBQX (5 M) to the bath. d, Amplitude distribution for HS-elicited mEPSCs in a; inset shows an average trace prepared from all mEPSCs (10 -90% rise ϭ 0.4 ms), with a single exponential fit with a decay of 1.2 ms shown in gray. Calibration, 5 pA and 2.5 ms. e, HS response of callosal NG2 ϩ cell from a control brain slice (Ctr; top; preincubated with DMSO) and a brain slice preincubated with 2 M Baf (bottom; both from same mouse, P25). f, Quantification of HS responses from all bafilomycin and control recordings in CC and HC; Ctr CC n ϭ 9, Baf CC n ϭ 9, *p ϭ 0.0008; Ctr HC n ϭ 6, Baf HC n ϭ 9, **p ϭ 0.0008. taneous release (Bergles et al., 2000; Lin et al., 2005; Ziskin et al., 2007) and because responses evoked through stimulation of surrounding axons depend critically on the position of the stimulus electrode.
To obtain an unbiased measure of synaptic connectivity with these glial cells, we made whole-cell voltage-clamp recordings from NG2 ϩ cells and focally applied hypertonic solution (500 mM sucrose in aCSF) to force fusion of docked, primed synaptic vesicles from presynaptic membranes in contact with these cells. This manipulation has been used extensively to study vesicular release from nerve terminals (Fatt and Katz, 1952) , and draws upon the same pool of vesicles that is released in response to action potentials (Stevens and Tsujimoto, 1995; Rosenmund and Stevens, 1996) . In the presence of antagonists for NaV channels (TTX, 1 M), GABA A receptors (gabazine, 5 M), and NMDA receptors (R,S-CPP, 5 M), HS reliably elicited bursts of transient inward currents in NG2 ϩ cells (Fig. 2a,b) that were blocked by the AMPA receptor antagonist NBQX (5 M, n ϭ 10) (Fig. 2c) . The amplitudes and kinetics (10 -90% rise: 0.4 ms, decay: 1.2 ms) of these HS-elicited events (Fig. 2d) were similar to spontaneous miniature EPSCs (mEPSCs) recorded from NG2 ϩ cells previously (Bergles et al., 2000; Lin et al., 2005; Kukley et al., 2007; Ziskin et al., 2007) . Moreover, pretreatment of brain slices with the vesicular ATPase inhibitor Baf (2 M), which prevents loading of neurotransmitter into synaptic vesicles (Bowman et al., 1988) , significantly reduced HS-evoked responses in NG2 ϩ cells in both gray (control: 131 Ϯ 23 mEPSCs, Baf: 18 Ϯ 9 mEPSCs, p ϭ 0.0008) and white matter (control: 188 Ϯ 51 mEPSCs, Baf: 39 Ϯ 19 mEPSCs, p ϭ 0.0008) (Fig. 2e,f ) , consistent with the ability of Baf to decrease evoked glutamate release at axo-NG2 ϩ cell synapses in the corpus callosum (Ziskin et al., 2007) . These results indicate that hypertonic challenge drives vesicular release of glutamate at defined neuron-NG2 ϩ cell synapses, and can be used to provide a more objective measure of synaptic connectivity between neurons and NG2 ϩ cells. Analysis of axo-glial synaptic signaling in mature mice (P40 -P45) revealed that all NG2 ϩ cells displayed robust mEPSCs in response to hypertonic challenge (Fig. 3a,c) (CC n ϭ 12, HC n ϭ 10, CB ml n ϭ 8, CB wm n ϭ 9). Unexpectedly, NG2
ϩ cells in the corpus callosum, a brain region largely devoid of neurons, displayed significantly larger HS-evoked responses (370 Ϯ 43 events) than NG2 ϩ cells in other brain regions (HC, 149 Ϯ 30 mEPSCs; CB ml, 165 Ϯ 27 mEPSCs; CB wm, 73 Ϯ 17 mEPSCs) (Fig. 3c) . The kinetics and amplitudes of HS-elicited mEPSCs did not differ significantly between NG2 ϩ cells in different brain regions, suggesting that postsynaptic receptor density and receptor subunit composition are similar among neuron-NG2 ϩ cell synapses (supplemental Fig. 2a , available at www.jneurosci. org as supplemental material). At the earliest postnatal periods examined (P5-P10), hypertonic challenge also evoked synaptic responses in the majority of NG2 ϩ cells (Fig. 3b,c) (CC, 5/7 cells; HC, 5/5 cells; CB wm, 9/9 cells), and at intermediate developmental periods (P12-P15 and P20 -P26), hypertonic challenge elicited synaptic responses in all NG2 ϩ cells (74/74 cells; n ϭ 5-18 cells per age, per region). The degree of synaptic connectivity was not correlated with the length of time elapsed after slice preparation (supplemental Fig. 2b , available at www.jneurosci. org as supplemental material), suggesting that these junctions are not formed or removed as part of an injury response. These findings demonstrate that this rapid form of neuron-glial communication is established during early postnatal development in parallel with synapse formation between neurons, and suggest that all NG2 ϩ cells engage in synaptic signaling after the first postnatal week.
Identification of oligodendrocyte progenitors in distinct stages of differentiation
At later stages of mouse development, NG2 ϩ cells exhibited more negative resting potentials (P5-P8: Ϫ69 Ϯ 16 mV; P40 -P45: Ϫ90 Ϯ 2 mV) and lower membrane resistances (P5-P8: 2.1 Ϯ 2 G⍀; P40 -P45: 131 Ϯ 176 M⍀), but physiologically distinct populations of progenitors were not evident on the basis of these properties (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material), NaV channel expression, or synaptic connectivity. However, NG2 ϩ cells continue to proliferate and retain the ability to differentiate in the adult brain (Reyners et al., 1986; Rivers et al., 2008) . Thus, one possible explanation for the reported physiological heterogeneity among NG2 ϩ cells (Chittajallu et al., 2004; Chen et al., 2008; Káradó ttir et al., 2008; Mangin et al., 2008; Ge et al., 2009) , is that the dynamic nature of this cell population makes it difficult to distinguish true progenitors from cells that have begun to differentiate. Changes in membrane properties that accompany the maturation of oligodendrocyte progenitors have been examined in culture (Sontheimer et al., 1989 ), but it has not been possible to reliably identify distinct stages of progenitor maturation in situ. To establish whether synaptic contacts are maintained during NG2 ϩ cell differentiation and to clarify whether excitability is present at later stages of oligodendrocyte maturation, we developed transgenic mice that express inducible Crerecombinase under control of the NG2 promoter (NG2-CreER) and bred these animals to Z/EG reporter mice (Novak et al., 2000) (Fig. 4a) . When NG2-CreER;Z/EG mice were injected with 4-OH-tamoxifen (4HT) during the peak of oligodendrogenesis (P14 -P21) (Verity and Campagnoni, 1988; Foran and Peterson, 1992) (Fig. 4d,e) . NG2 ϩ cells did not differentiate into astrocytes or microglia (supplemental Fig.  4a ,b, available at www.jneurosci.org as supplemental material), indicating that this approach labels a cohort of progenitors in the corpus callosum, most of which differentiate into oligodendrocytes within a 20 d period.
To identify cells at distinct stages of oligodendrocyte development, we crossed NG2-CreER;Z/EG mice with NG2-DsRed mice (Fig. 5a ), because NG2 promoter activity (and DsRed fluorescence) decreases rapidly as these progenitors begin to mature (Ziskin et al., 2007; Zhu et al., 2008b) . Following 4HT administration to NG2-CreER;Z/EG;NG2-DsRed mice, NG2 ϩ cells should be GFP ϩ DsRed ϩ , pre-OLs should be GFP ϩ DsRed ϩ/Ϫ , and mature OLs should be GFP ϩ DsRed Ϫ . Indeed, when these triple transgenic mice were examined 5-25 d after 4HT administration, GFP ϩ cells with variable DsRed expression were visible in the corpus callosum (Fig. 5b) , and wholecell current-clamp recordings in acute coronal slices revealed that these cells exhibited diverse physiological properties. We assigned cells to one of three groups based on their membrane properties, intensity of DsRed fluorescence, and morphology, as assessed through neurobiotin histochemistry (Fig. 5c,d Ziskin et al., 2007) . Group 2 cells rarely exhibited voltage-activated conductances, had higher membrane resistances, larger membrane capacitances, and extended highly ramified processes in a radial orientation, a key feature of preOLs (Ono et al., 2001) . Group 3 cells also lacked voltage-activated conductances, had more positive resting potentials, displayed much lower membrane resistances, and exhibited a prolonged decay to baseline following depolarization, as previously reported for OLs (Sontheimer et al., 1989) . Cells in this latter group formed parallel processes aligned with callosal axons, as expected for OLs. Previous studies have shown that oligodendrocyte progenitors decrease expression of NaV channels as differentiation proceeds in vitro (Sontheimer et al., 1989) . Consistent with these observations, all group 1 cells exhibited NaV currents (current density: 37 Ϯ 5 pA/pF; n ϭ 21), whereas only 2/6 group 2 cells (current density ϭ 3 Ϯ 1 pA/pF for NaV channel-expressing cells) and 0/18 group 3 cells had NaV currents (Fig. 5e) . In keeping with our previous observations, group 1 cells (NG2 ϩ cells) did not fire action potentials upon depolarization (0/21 cells) despite expression of NaV channels, and cells at later stages of oligodendrocyte maturation were similarly inexcitable (0/6 group 2 cells and 0/18 group 3 cells generated Na ϩ spikes) (Fig. 5c ), as would be expected given the decrease in NaV channel expression. These findings highlight the rapid physiological changes that accompany NG2 ϩ cell differentiation, and show that a combination of GFP/DsRed imaging and physiological analysis in these transgenic mice can reliably distinguish oligodendrocyte lineage cells in distinct stages of maturation.
Synaptic signaling and glutamate receptor expression are rapidly decreased during NG2
؉ cell differentiation To determine whether synaptic input to oligodendrocyte lineage cells is altered during differentiation, we recorded their responses to focally applied hypertonic solution, as described above. In
NG2-CreER;Z/EG;NG2-DsRed mice, HS elicited bursts of mEPSCs in all NG2
ϩ cells (average: 328 Ϯ 58 mEPSCs, n ϭ 16), but in only 2/8 pre-OLs (4.5 Ϯ 3.5 mEPSCs, for cells that responded) and in 0/10 OLs (Fig. 6a-c) , indicating that axo-glial synaptic junctions in the corpus callosum are rapidly lost as NG2 ϩ cells begin to differentiate into oligodendrocytes. As expected, this loss of synaptic input was accompanied by a decrease in NaV current density (Fig. 6b) . To determine whether the loss of synaptic signaling is accompanied by changes in surface glutamate receptors, we measured the response of oligodendrocyte lineage cells to photolysis of caged glutamate. In all NG2 ϩ cells examined (n ϭ 27), photolysis of MNI-L-glutamate triggered inward currents (981 Ϯ 118 pA) that were blocked by AMPA receptor antagonists (NBQX and GYKI 53655) (Fig. 6d) . Glutamate uncaging similarly induced AMPA receptor currents in all pre-OLs (n ϭ 25); however, the magnitude of these currents (345 Ϯ 75 pA) was significantly smaller ( p ϭ 0.0003) ( Fig. 6e; supplemental As pre-OLs are much larger than NG2 ϩ cells, this 2.8-fold reduction in AMPA receptor current represented a 12.6-fold decrease in receptor density (Fig. 6g) . Glutamate uncaging also generated inward currents in all OLs (n ϭ 30); however, these currents were only partially blocked by NBQX/GYKI 53655, and the AMPA receptor component (76 Ϯ 22 pA) was substantially smaller than that observed in either NG2 ϩ cells or pre-OLs ( p Ͻ 0.0005) (Fig. 6f,g ). Most of the uncaging response in OLs was blocked by the glutamate transporter antagonist TBOA (Fig. 6f ), in accordance with previous findings (Regan et al., 2007 21 Ϫ58 Ϯ 1.7 48 Ϯ 6.6 0.000 58 Ϯ 15 Statistical significance NG2 ϩ cells versus pre-OL p Ͻ 0.05
drocytes (Káradó ttir et al., 2005; Salter and Fern, 2005; Micu et al., 2006 ) also express NMDA receptors, which may contribute to excitotoxic white matter damage during ischemia. To evaluate whether NMDA receptor density is also altered during oligodendrocyte development, glutamate uncaging was performed in the presence of AMPA receptor antagonists at a holding potential of 40 mV (to relieve Mg 2ϩ block of NMDA receptors). Under these conditions, glutamate uncaging elicited small outward currents in 15/18 NG2 ϩ cells (21 Ϯ 3 pA, n ϭ 15) that were blocked by the NMDA receptor antagonist CPP (Fig. 6d) . In contrast, CPPsensitive currents were observed in only 3/15 pre-OLs (12 Ϯ 2 pA, n ϭ 3) (Fig. 6e) , indicating that NMDA receptors also are rapidly downregulated as NG2 ϩ cells differentiate. Comparable analysis of NMDA receptor expression by mature OLs was not possible, as their low membrane resistance prevented effective voltage clamp at 40 mV. However, when glutamate uncaging was performed in aCSF containing 0 mM Mg 2ϩ , 30 M D-serine (an NMDA receptor coagonist), and NBQX/GYKI53655 at Ϫ80 mV, CPP only slightly reduced peak currents in OLs (15 Ϯ 3 pA, n ϭ 10) (Fig. 6f) . These results suggest that NMDA receptors are not substantially upregulated as pre-OLs mature into OLs, in contradiction to previous findings (Káradó ttir et al., 2005) .
As an independent means for investigating the physiological changes that accompany NG2 ϩ cell differentiation, we analyzed gene expression profiling data obtained from acutely isolated oligodendrocyte progenitors, premyelinating oligodendrocytes, and mature oligodendrocytes (Cahoy et al., 2008) . Examination of mRNAs for PDGF␣R and NG2 indicate that these transcripts are significantly upregulated in NG2 ϩ cells (OPCs) compared with pre-OLs and OLs, while transcripts for MBP, CNPase, MOG, and MAG are highly downregulated in NG2 ϩ cells compared with OLs ( Fig. 7a ; supplemental Table 1 , available at www.jneurosci.org as supplemental material), confirming that these samples were prepared from cells in distinct stages of oligodendrocyte development. In accordance with the physiological studies reported here, mRNAs encoding most principal CNS NaV channel subunits (Scn1a, Scn2a1, Scn3a) were significantly upregulated in progenitors compared with OLs. Scn8a, which is expressed in cerebellar granule cells, hippocampal pyramidal and granule cells, and is highly concentrated at nodes of Ranvier, was not significantly altered, nor were transcripts that encode skeletal (Scn4a), cardiac (Scn5a/Scn7a), and dorsal root ganglion (Scn7a/Scn9a/Scn10a/ Scn11a) NaV channels. In agreement with our glutamate uncaging analysis, mRNAs encoding AMPA receptor subunits GluR1-4 were highly upregulated in progenitors relative to both pre-OLs and OLs. Similarly, mRNA transcripts for the obligate NMDA receptor subunit NR1, as well as NR2D and NR3A, were significantly enriched in progenitors relative to OLs. These findings provide further confirmation of the profound physiological changes that NG2 ϩ cells undergo after differentiation is initiated, and suggest that these changes reflect a rapid decrease in the expression of NaV channel, AMPA receptor, and NMDA receptor genes by oligodendrocyte lineage cells. 
Discussion
NG2 ϩ cells are an abundant, widely distributed class of glia in the mammalian CNS that exhibit properties distinct from astrocytes, oligodendrocytes, and microglia. Although many NG2 ϩ cells serve as oligodendrocyte progenitors during development, their roles in the mature nervous system are less well understood. Recent studies have suggested that NG2 ϩ cells are comprised of functionally distinct groups that differ in their capacity to respond to neuronal activity, their ability to differentiate into oligodendrocytes, and their susceptibility to damage during ischemia (Mallon et al., 2002; Káradó ttir et al., 2008; Guo et al., 2009) . However, our studies indicate that NG2 ϩ cells in diverse ϩ cells undergo as they differentiate into oligodendrocytes. Bottom, Extent of synaptic signaling and relative abundance of surface glutamate receptors and NaV channels during these distinct stages of oligodendrocyte development.
brain regions share a core set of properties that include the expression of NaV channels and ionotropic glutamate receptors, as well as the formation of synapses with glutamatergic neurons. Although they express NaV channels, NG2 ϩ cells were not capable of firing action potentials. Transition of these progenitors to the premyelinating stage was accompanied by rapid removal of synapses and downregulation of both AMPA and NMDA receptors. These studies indicate that NG2 ϩ cells are uniquely positioned within the oligodendrocyte lineage to monitor the firing patterns of surrounding neurons.
Excitability within the oligodendrocyte lineage
In neurons, NaV channels are expressed at high density and are responsible for generation and propagation of action potentials. Although glial cells in the mammalian CNS lack the ability to sustain regenerative voltage changes, NG2
ϩ cells in culture and in situ have consistently been shown to express NaV channels (Barres et al., 1989 (Barres et al., , 1990 Bergles et al., 2000; Chittajallu et al., 2004; Lin and Bergles, 2004; Lin et al., 2005; Ge et al., 2006; Chen et al., 2008; Káradó ttir et al., 2008) , and several studies in young mice indicate that depolarization induces Na ϩ spikes in some NG2
ϩ cells (Chittajallu et al., 2004; Ge et al., 2009 ). However, there is not yet a consensus about whether NaV channel expression is present in NG2 ϩ cells throughout the brain or whether they can generate bona fide action potentials. If NG2 ϩ cells generate action potentials it would challenge their classification as glia, and raise the possibility that they can synchronize their output and perhaps transmit signals to surrounding neurons. Moreover, as the ability of oligodendrocyte lineage cells to fire action potentials has been linked to their vulnerability to excitotoxicity during ischemia (Káradó ttir et al., 2008) , targeting this feature of their physiology could be an effective therapeutic approach for minimizing ischemic white matter damage.
Action potentials are classically defined as regenerative, all-ornothing events, with a discrete threshold of activation (normally ϳϪ40 mV), invariant amplitude, and a peak depolarization that approaches the sodium equilibrium potential (E Na ) (Purves, 2001 ). In accordance with previous studies, injection of positive current led to a Na ϩ -dependent spike in a small proportion of NG2 ϩ cells (Fig. 1d) . However, this behavior was limited to early postnatal development, when these cells exhibit a higher membrane resistance and lower resting conductance to K ϩ . In all cases, these spikes did not fulfill the criteria for action potentials, as they displayed variable amplitudes and wave forms depending on the amplitude of injected current (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material), exhibited a peak depolarization (0.4 Ϯ 1 mV) far from E Na (ϳ50 mV) and high activation thresholds (Ϫ22 Ϯ 1 mV). In addition, NG2 ϩ cells were not capable of generating more than one spike in response to sustained depolarization, and spontaneous spike generation was never observed. These results show that NaV channel-mediated spikes are induced in NG2 ϩ cells only following depolarizations that are unlikely to be produced by in vivo patterns of activity. Although NG2 ϩ cells in the mature brain also express NaV channels, they have a much higher resting conductance to K ϩ , which prevents generation of Na ϩ spikes. A recent study reported that a subset of NG2 ϩ cells in the developing rat cerebellar white matter exhibit regenerative responses that meet the criteria for action potentials (Káradó ttir et al., 2008) ; moreover, these cells were also able to generate trains of action potentials with sustained depolarization. We did not observe such firing behavior in any NG2
ϩ cells in the brain regions examined in this study, which included the cerebellar white matter at a comparable age. It is unlikely that species differences account for this discrepancy, as prior studies have shown that NG2 ϩ cells in rat and mouse exhibit comparable properties (Bergles et al., 2000; Chittajallu et al., 2004; Lin and Bergles, 2004; Jabs et al., 2005; Ge et al., 2006; Mangin et al., 2008) . Although we cannot exclude the possibility that NG2 ϩ cells not sampled here exhibit robust excitability, immunostaining revealed that DsRed, which was used to select cells for recording, is expressed in 98% (186/190) of NG2 ϩ cells at P7, and 99% (141/143) of NG2 ϩ cells at P14 in the cerebellar white matter of NG2-DsRed mice (supplemental Fig. 6 , available at www.jneurosci.org as supplemental material), indicating that the ability to generate action potentials is not a common feature of these glial cells. It is known that the cerebellar white matter is densely populated by interneuron precursors during the first two postnatal weeks (Maricich and Herrup, 1999; Weisheit et al., 2006) . It is possible that the excitable cells described by Káradó ttir et al. (2008) correspond to interneurons, rather than NG2 ϩ cells. Despite their inability to generate action potentials, we found that all NG2 ϩ cells (183/183 cells) expressed NaV channels, regardless of brain region or period of development. The expression of NaV channels could indicate that NG2 ϩ cells are in the initial stages of transitioning to a neuronal fate, as it has been suggested that NG2 ϩ cells serve as multipotent progenitors with the capacity to differentiate into neurons (Belachew et al., 2003; Rivers et al., 2008; Guo et al., 2009 ). However, the density of NaV channel expression was not correlated with the degree of synaptic connectivity (supplemental Fig. 2c , available at www.jneurosci. org as supplemental material); if synaptic input were used to trigger action potentials, or if these cells were maturing into neurons, these attributes would be expected to develop in parallel. Furthermore, synaptic connectivity and NaV channel expression were present in NG2 ϩ cells within the corpus callosum at a time when the majority of these cells develop into oligodendrocytes (Fig. 4a-e) . If NaV channels are not used to generate action potentials, why are they expressed? NaV channels are also expressed by other nonexcitable cells in the CNS, including astrocytes, oligodendrocytes, and microglia (Verkhratsky and Steinhäuser, 2000) . In microglia, NaV channels are important for both phagocytic activity and migration (Black et al., 2009) , and in tumor cells NaV channels can regulate proliferation and adhesive interactions with other cells (Kaczmarek, 2006) . As NG2 ϩ cells retain the ability to migrate and proliferate in the adult brain, it is possible that NaV channels also contribute to these dynamic behaviors.
Glutamate signaling within the oligodendrocyte lineage Paracrine cues from neurons are sufficient to direct numerous glial cell behaviors (Fields and Burnstock, 2006; Biber et al., 2007; Nave and Trapp, 2008 ), yet neurons form direct synaptic junctions with NG2 ϩ cells throughout the brain, allowing rapid, precise signaling. In vitro studies indicate that glutamate receptor activation influences the migration, proliferation and differentiation of NG2 ϩ cells (Gallo et al., 1996; Yuan et al., 1998; Gudz et al., 2006) , suggesting that this pathway for communication plays an essential role in oligodendrogenesis. Although neuronal activity has been shown to influence the behavior of oligodendrocyte lineage cells in vivo (Barres and Raff, 1993; Levine, 1994; Stevens et al., 2002) , it is not yet known whether these effects are mediated through signaling at axon-NG2 ϩ cell synaptic junctions. A recent study reported that only a subset of NG2 ϩ cells form synapses with neurons (Káradó ttir et al., 2008) , and that only those cells that engage in synaptic signaling are vulnerable to injury following ischemia (Káradó ttir et al., 2008) . Here we used focal appli-cation of hypertonic solution, an approach routinely used to measure the pool of docked vesicles in nerve terminals (Rosenmund and Stevens, 1996; Zhou et al., 2000) , to provide a relatively unbiased measure of NG2 ϩ cell synaptic connectivity in four brain regions at different stages of development. Neuron-NG2 ϩ cell synaptic signaling emerged during the first postnatal week, after which all NG2 ϩ cells in both gray and white matter received glutamatergic synaptic input. In addition, synaptic inputs were rapidly lost as NG2 ϩ cells differentiated, indicating that this mode of rapid signaling is restricted to the progenitor state. These results suggest that previous reports of NG2 ϩ cells that lack glutamatergic synapses (Chittajallu et al., 2004; Káradó ttir et al., 2008; Ge et al., 2009 ) may have inadvertently examined cells that were in the process of differentiation.
Perinatal hypoxia/ischemia can lead to a profound loss of white matter, which is thought to contribute to the neurological symptoms underlying cerebral palsy (Folkerth, 2005; Johnston and Hoon, 2006) . Immature oligodendrocytes are particularly vulnerable to ischemic injury (Fern and Möller, 2000; Back et al., 2001 Back et al., , 2002 Riddle et al., 2006) , and pharmacological studies indicate that AMPA and NMDA receptors participate in ischemiainduced cell death (Káradó ttir et al., 2005; Salter and Fern, 2005; Back, 2006; Micu et al., 2006; Tekkök et al., 2007) , suggesting that excitotoxic damage to oligodendrocyte progenitors can have profound consequences for the development of myelin. In accordance with previous findings (Ziskin et al., 2007) , glutamate uncaging indicated that AMPA and NMDA receptors are expressed by NG2 ϩ cells in the corpus callosum. In contrast to Káradó ttir et al. (2005), we did not encounter a subset of NG2 ϩ cells that lacked glutamatergic synapses, nor did we observe an increase in NMDA receptor expression as progenitors matured into oligodendrocytes. Rather, both AMPA and NMDA receptor currents were dramatically reduced at the premyelinating stage, and were further diminished in oligodendrocytes (Fig. 6d-g ). Our findings are in concordance with gene expression data indicating that mRNAs encoding most glutamate receptor subunits are significantly lower in premyelinating oligodendrocytes and mature oligodendrocytes than in oligodendrocyte progenitors (Cahoy et al., 2008) . The higher expression of glutamate receptors by oligodendrocyte progenitors may provide an explanation for the enhanced vulnerability of these cells to ischemic injury. Selective deletion of glutamate receptors from the oligodendrocyte lineage using genetic approaches will help determine the contribution of these receptors to the maturation of these progenitors and the loss of white matter following perinatal hypoxia/ischemia.
